Schizophrenia genome-wide association studies highlight the substantial contribution of risk 25 attributed to the non-coding genome where human endogenous retroviruses (HERVs) are encoded.
Introduction

40
Human endogenous retroviruses (HERVs) are remnants of genetic material acquired through our 41 evolutionary past which originated from the infection of germline cells with ancient retroviruses.
138
To understand how HERVs are regulated in the brain, we performed an expression quantitative trait 139 loci (eQTL) analysis using all samples (N = 593). Such analysis aims to identify SNPs that explain 140 variation in the expression of HERVs residing in close proximity, to inform about the basic processes 141 responsible for HERV regulation, and to complement our genetic enrichment analyses. The genomic 142 coordinates from the expressed HERVs were remapped to hg19 positions to match genotype 143 information, and only HERVs from chromosomes 1-22 were analyzed (total = 5,349 HERVs, which 144 includes lowly expressed HERVs, according to DESeq2's internal filtering criteria). This analysis 145 revealed that 1,759 HERVs were regulated in cis by 1,622 SNPs located within a 1 Mb window 146 upstream or downstream the start site of the HERV annotation, under the false discovery rate of 5% 147 (q < 0.05). The majority of eQTLs were located within a 10 kb window upstream or downstream of 148 the annotation start site from the HERV they regulate (Figure 3B) . Of the 148 HERVs that were 149 enriched for schizophrenia variants, we observed that 19 were significantly regulated by eQTLs in 150 the DLPFC ( Supplemental Tables 2 and 3 Table 4 ). Our analysis showed that 36 HERVs were downregulated and 45
To make a more informative assessment of HERV expression differences associated with disease 163 status, we first explored whether HERVs identified as genetic risk factors for this disorder were 
184
We observed complex regulatory mechanisms governing expression of these two HERVs.
185
ERVLE_8q24.3h was significantly downregulated in cases, but, contrary to what was expected, the 186 risk (A-) allele of rs4875048 was associated with increased expression of this HERV (β = -0.35, Pβ 187 dist. = 0.002, q = 0.007, Figure 4A ). Similarly, LTR25_6q21 was upregulated in patients, but the risk 188 (G-) allele of rs174399 was associated with reduced expression of this HERV (β = 0.29,
189
Pβ dist. = 0.004, q = 0.02; Figure 4B ). We investigated the effect of these eQTLs in cases and control 190 individuals separately, which revealed that they influenced HERV expression exclusively in 191 unaffected individuals, suggesting there is a compensatory mechanism in patients counteracting the 192 effects of the eQTLs (Figures 4A and B ; Supplemental Table 6 ).
194
To understand about the regulation of these HERVs during neurodevelopment, we tested their To explore the potential function of ERVLE_8q24.3h and LTR25_6q21, we determined the genes 210 that are co-expressed with these HERVs by applying Weighted Correlation Network Analysis
211
(WGCNA) 35 to the RNA-seq data from schizophrenia patients and controls combined. This systems 212 biology approach is based on the hypothesis that genes within the same co-regulated network share 213 the same function 36 . We observed 19 modules of co-expression in these data (Supplemental Figure 5A , upper panel, Supplemental Table 9 ). The turquoise module, in turn, was 221 significantly associated with mitochondrial function, with terms including the "respiratory chain" and 222 "mitochondrial matrix", and "NADH dehydrogenase complex assembly" (q < 0.05, Figure 5A , lower 223 panel, Supplemental Table 9 ).
225
A correlation between the first principal component capturing the variability within each module 226 (module eigengene) and case-control status ('Profile') was performed in WGCNA, which revealed 227 that the green module is positively associated with case-control status (r = 0.13, P = 0.003), whereas 228 the turquoise module was negatively associated (r = -0.15, P = 4 x 10 -4 ; Figure 5B ). The co-229 expression modules were detected assuming a signed network, which means that a positive module-230 trait correlation entails higher expression of genes in the module in association with disease status,
231
and vice-versa, corroborating the case-control differences observed for each HERV in the previous 232 analysis (Figures 4A and B , left panels).
234
To understand the function of other HERVs associated with schizophrenia from the gene-level 235 enrichment analysis performed using MAGMA ( Supplemental Table 2 ), we identified the co-236 expression modules associated with each enriched HERV that was expressed in the brain
237
( Supplemental Table 10 ). We observed that several of these HERVs were assigned to modules 238 implicated in synaptic organization, including MER41_1p33 and MER41_5p12 alongside 239 LTR25_6q21 in the green module, as well as synaptic function, including HERVL_14q24.2d,
240
HERVL40_8q21.3b, HERVW_6q21c, HML3_5p12a and MER41_2q31.2 in the red module.
241
Interestingly, we observed that these two modules were clustered together in an unsupervised 
249
We investigated the major cell types associated with each modules eigengene (the first principal 250 component of the module) to infer the cell types associated with ERVLE_8q24 and LTR25_6q21.
251
We estimated the proportion of neural cell types in the RNA-sequencing data by applying the R 252 package BRETIGEA 37 to the normalized gene counts of the RNA-sequencing data. BRETIGEA 253 estimates the cell type proportions that constitute the sequenced material based on a database of 254 single-cell RNA-sequencing data, ultimately generating coefficients that represent the proportion of 255 astrocytes, microglia, endothelial cells, oligodendrocytes, oligodendrocyte progenitor cells and 256 neurons in the sequenced samples 37 . To infer the cell types associated with each module, we 257 performed correlations between each module and the cell-type proportion coefficients (Figure 5B ).
258
The module assigned to LTR25_6q21 (green) was significantly correlated with the expression of 
278
We investigated the combined contribution of HERVs (the retrogenome) to risk for schizophrenia 279 and other complex polygenic traits, by assessing the overlap between SNPs implicated in these traits 280 and those in genomic locations encompassing HERVs. We were surprised to find that schizophrenia 281 was the only tested trait significantly enriched for common variants within the retrogenome,
282
especially since there is evidence linking HERVs to conditions like amyotrophic lateral sclerosis 7-9 ,
283
Crohn's disease 38 , major depressive disorder and bipolar disorder 10,11 . The fact that the retrogenome 284 is significantly enriched for polymorphisms implicated in schizophrenia suggests that HERVs 
327
We also describe here, for the first time, the co-regulation of several HERVs with known genes in 328 the adult brain, and the GO terms associated with each co-expression module. Our findings suggest that LTR25_6q21 is implicated in neuronal function, whereas ERVLE_8q24.3h is involved in 330 mitochondrial function. WGCNA has been successfully used to predict the biological function of 331 unknown genes or non-coding RNAs in different organisms 43, 44 , and to identify clinically relevant cell 332 types when in combination with cell-type deconvolution analysis 45 , and thus represents a powerful 333 approach to functionally characterize the HERVs expressed in the brain. For a long time HERVs
334
were assumed to be mere regulatory DNA sequences, but the discovery of their expression and co-335 regulation with several other genes implicated in multiple biological processes in the brain, ranging 336 from neuronal, glial and mitochondrial regulation to splicing and cell motility (Supplemental Table   337 9), is a landmark for HERV research, and adds an extra layer of complexity to our understanding of 338 human neurobiology.
340
There are limitations to this study which should be acknowledged. Schizophrenia is a highly factors for schizophrenia and confirms that these previously assumed 'dormant' sequences in the 366 brain may not be dormant after all.
Online Methods
368
We used a combination of gene expression, genetic and in vitro analyses to identify the most robust Figure 3) . eQTL P-values were corrected through estimation of a beta distribution 469 using a minimum of 1,000 permutations and maximum of 10,000, and were further corrected for the 470 number of HERVs tested using the false discovery rate method (q < 0.05).
472
Weighted Correlation Network Analysis (WGCNA)
473
WGCNA is a systems biology approach that enables the identification of co-expressed genes in 474 transcriptomic data, which we used here to identify the genes co-expressed with schizophrenia
475
HERVs in order to infer their biological function 35 . We used this tool to construct a signed network 476 consisting of HERVs and genes, which was created based on an adjacency matrix that informs about 477 the co-expression similarity observed between all pairs of genes and HERVs in the expression data 478 (i.e. genes and genes, genes and HERVs, HERVs and HERVs). Normalized HERV and gene counts 479 were variance-stabilized in DESeq2, and were further adjusted for all confounders previously 
506
We performed GO analyses using the WEB-based GEne SeT AnaLysis Toolkit (Webgestalt) 71 to 507 identify the function of the genes co-regulated with the schizophrenia HERVs in the brain, and thus 508 infer the potential function of these HERVs. All genes inputted to WGCNA were used as background
509
(reference) gene set. We used the false discovery rate method to correct for the GO enrichment 6 111918869 A G 0.506 1.0397 0.00973 6.4E-05 0.38 1 * This SNP is not associated with schizophrenia, but is in linkage disequilibrium with another variant that is associated with this disorder. ¥ Linkage disequilibrium statistics in relation to the top association signal at the locus which is in LD with the HERV-eQTL.
